The 73 Ge * (1/2 − ) metastable states decay with a very characteristic signature which allow them to be tagged event-by-event. Studies were performed using data taken with a high-purity germanium detector in a low-background laboratory near a nuclear power reactor core whereν e -flux was 6.4 × 10 12 cm −2 s −1 . The measured average and equilibrium production rates of 73 Ge * (1/2 − ) were (8.7 ± 0.4) and (6.7 ± 0.3) kg −1 day −1 , respectively. The production channels were studied and identified.
Introduction
A research program on low energy neutrino physics [1] is being pursued by TEXONO Collaboration at the Kuo-Sheng (KS) Reactor Laboratory in Taiwan [2] . A search of neutrino magnetic moments [3] was performed with an ultra-low-background highpurity germanium detector (HPGe), from which limit of µ ν (ν e ) < 7.4 × 10 −11 µ B at 90% confidence level (CL) was derived [8] . In the course of this study, the unique signatures from the decays the 73 Ge * (1/2 − ) metastable state was noted. In this research report, we discuss the decay signatures of 73 Ge * (1/2 − ) in Section 2 and present the studies on its production channels in Section 3. These investigations are of relevance to the background understanding of this and other germanium-based low-background experiments, such as those on double beta decays [4, 5] and cold dark matter searches [6, 7] . Moreover, the data also allow the evaluations on the experimental sensitivities on various neutrino-induced nuclear transitions in reactor neutrino experiments under realistic conditions, the results of which are discussed in Section 4.
Experimental Signatures of
73 Ge * (1/2 − ) Decays of 28 m from a nuclear reactor core of a thermal power output of about 2.9 GW. The total reactorν e -spectrum is displayed in Figure 2 , and the totalν e -flux is about 6.4 × 10 12 cm −2 s −1 . The contributions ofν e are due to β-decays of (a) the fission fragments and (b)
239 U following neutron capture on 238 U. Figure 2 . Totalν e -spectra at the power reactor, showing the two components due to β-decays of fission fragments and 239 U.
The HPGe target is 1.06 kg in mass, and surrounded by active anti-Compton veto (ACV) detectors made of NaI(Tl) and CsI(Tl) scintillating crystals. The detector system was placed inside a 50-ton shielding structure with an outermost layer of plastic scintillator panels acting as cosmic-ray veto (CRV). A physics threshold of 12 keV and background level of 1 kg −1 keV −1 day −1 comparable to those of underground dark matter experiments were achieved for the HPGe. Besides magnetic moment searches, this unique data set also allows the studies of ν e [9] and the searches of axions [10] from the power reactor.
Events uncorrelated with the CRV and ACV are candidates for neutrino-induced signals. Performance and efficiencies of these selections were thoroughly studied and documented in Ref. [8] . The amplitude-versus-energy plot for these "after-cut" events is displayed in Figure 3 . The conspicuous structure at 66.7 keV is due to the convoluted sum of two events delayed related to one another. A typical event-pair is shown in the inset of Figure 3 . This pulse-shape signature is very distinct and can be tagged at an event-by-event basis without contamination of background.
The natural isotopic abundance of 73 Ge in germanium is 7.73%. Figure 4 [11] . The event pair is from the decays of 73 Ge * (1/2 − ) via the emissions of 53.4 keV and 13.3 keV photons separated by a half-life of 4.6 µs. The characteristic delayed coincidence gives an experimental signature which can be uniquely identified, as illustrated in Figure 3 .
Once the decays of 73 Ge * (1/2 − ) were tagged, their production channels can be studied. The data acquisition (DAQ) system [12] records timing information for all events. Using this capability, decay sequences with half-lives as long as 55 s have been unambiguously identified [13] . The KS-P1 and -P3 periods, as defined in Ref. [8] , were used in the analysis. The total live time adopted for the analysis are 459.0/96.3 days for Reactor ON/OFF, respectively. The selection efficiency of the 73 Ge * (1/2 − ) events is 85%, the missing fraction being those with the two γ's emitted closer than 0.16 s in time to each other. Data taken 5 s before and after these events were retrieved for subsequent detailed studies. Figure 4 . The 73 Ge production and decay scheme, from Ref. [11] , relevant to the discussions in this report.
Production Channels of
73 Ge
The identified production channels for 73 Ge * (1/2 − ) and their relative fractions are summarized in Table 1 . Specific signatures of individual channels are described in the following paragraphs. For simplicity, the "BEFORE" and "AFTER" spectra taken within the time interval (-2,0)s and (0,2)s by detector X (X can be NaI or Ge) are denoted respectively by Φ − X and Φ + X .
(i)
73 As :
The most conspicuous difference between the Φ − Ge and Φ + Ge spectra, after the CRV and ACV cuts were applied, is the Ge X-ray peak at 11.1 keV, as depicted in Figure 5 . In contrast, the structure for Φ interpretations of electron capture of 73 As:
This decay profile indicates that the production of 73 As is cosmic-ray induced. The production rate is reduced by a factor of ∼9 inside the 50-ton shielding structure at the KS laboratory where the overburden is about 30 meter-water-equivalence (mwe). The steady-state "equilibrium" rate of (0.2 ± 0.1) kg −1 day −1 is reached after 400 days of data taking. 
Some of the events in Figure 7a are due to β-decays which directly feed the 73 Ge * (1/2 − ) state at a branching ratio (BR) of 7%. In addition, the β-decays can also populate the various excited states, the dominant level of which is the 3 2 − state at BR=78%, followed by γ-emissions at E γ = 297 keV. The subsequent γ's are fully absorbed by the HPGe in about 57% of the decays, as indicated in Table 1 . These events also contribute to Figure 7a . The HPGe spectra where the E γ = 297 keV are fully and partially absorbed by the NaI(Tl) AC detector are depicted in Figures 7b&c, respectively. The corresponding Φ − NaI and Φ + NaI NaI spectra are displayed in Figure 8 .
(iii) Prompt Cosmic-Induced 73 Ge * (1/2 − ) : About 23% of the production of 73 Ge * (1/2 − ) are in coincidence with a CRV tag. These events are usually characterized by large energy depositions and saturate the electronics at the HPGe or ACV detectors, as depicted in Figure 9a . For instance, one of the channels is the neutron capture on 72 Ge: where photons with total energy as much as 8 MeV are generated. Only NaI (blue data points) and Φ + NaI (red histogram) spectra taken with the NaI(Tl) ACV detector. The photo-peak at 300 keV can be tagged by the specified cuts, giving rise to the spectra of Figure 7b. at the HPGe and AC detectors are larger than the end-point of 73 Ga β-decays. This is consistent with an independent measurement of about 7% on the CRV inefficiency [8] , due to geometrical coverage and hardware inefficiency. Accordingly, it can be concluded that all events above 1.6 MeV are associated with prompt cosmic-rays.
After corrections on DAQ dead time and selection efficiencies, the identified production channel is about 93% of the tagged 73 Ge * (1/2 − ) decays. These missing events can be attributed to those which do not satisfy the DAQ trigger condition of having more than 5 keV energy deposition at the HPGe. An example of such channels is the production 73 Ge * (1/2 − ) or other 73 Ge * excited states via the excitation of high energy neutrons, followed by complete escape of the final-state γ's from the HPGe.
All the identified background are cosmic-ray induced, even though the decay time scales are vastly different: order of 100 days for 73 As, order of 10 hours for 73 Ga and prompt signatures for those with a CRV tag. As illustrated in Figures 6a&b, the background rates of 73 As show the characteristic 80.3 day decay half-life, while the rates for the other background channels are stable with time. Consequently, these background are expected to be greatly suppressed in an underground laboratory where the cosmicray fluxes are attenuated. The residual background will be due to interactions of the surviving cosmic-rays as well as to the fast neutrons produced by (α,n) through natural ambient radioactivity. [19] ) without timing and spectral information. Detailed theoretical work was also confined mostly to these isotopes. Establishing more experimentally accessible detection channels will be of importance in the studies of nuclear structures and neutrino physics. For instance, interactions with lower threshold or better resolution than theν e -p inverse β-decay and ν-d disintegration processes will open up new windows of investigations.
Studies of Possible Neutrino-Induced Interactions
With reactor-ν e as probes, neutrino-induced interactions would manifest themselves as excess of events for the Reactor ON Φ − Ge (ON) spectra over that of OFF Φ − Ge (OFF). Studies were performed on the tagged 73 Ge * (1/2 − ) events discussed in previous sections. Table 2 . Summary of the neutrino-induced NCEX and νCC studies, showing 90% CL limits on event rates and average cross-sections.
Neutral-Current Nuclear Excitation
Neutrino-induced neutral current processes have been observed in the disintegration of deuteron in reactor-ν e [15] and in the SNO experiment with solar-ν e [16] . For heavier isotope, the interaction proceeds through neutral current excitation (NCEX) on nuclei via inelastic scatterinḡ
This process is observed only in the case of 12 C [17] using accelerator neutrinos at energy at the order of O(10 MeV). Excitations at lower energies using reactor neutrinos have been studied theoretically [20, 21] but not experimentally observed. This has been proposed as a detection channel for solar neutrinos for the isotope 11 B [22] and Dark Matter−WIMPs [23] . These interactions are sensitive to the axial isoscalar component of the weak neutral currents and the strange quark content of the nucleon [24] .
The average cross-section of the NCEX process in a neutrino beam with spectrum φ ν (E ν ) is given by, using the convention of Eq. 6 of Ref. [20] :
where ∆ is the nuclear excitation energy, and
is the total neutrino flux. The energy dependence of the interaction cross-section varies as [20] 
where the proportional constant depends on the weak couplings and nuclear matrix elements. The observed event rate is accordingly
where N Ge is the number of 73 Ge nuclei and ǫ Ge is the detection efficiency, which can be evaluated by simulations. Table 2 . Also shown is the fraction of the reactor neutrino flux above kinematics threshold, given by
As illustrated in Figures 10a-d , no excess of events were observed at the transition energies in the P1 and P3 residual spectra. Limits on R NC ν , and consequently on σ NC ν at 90% CL were derived and tabulated in Table 2 . The limiting sensitivities on σ NC ν are typically factors of ∼10 2 higher than the typical range of∼ 10 −45 cm 2 predicted for the various isotopes [20, 21] . The dominant background are those depicted in Figure 7a , where all energy in the β-γ emissions following 73 Ga-decays were deposited in the HPGe.
Charged-Current Inverse Beta Decays
The neutrino-induced inverse β-decay reaction for proton was the process from which the first observation of neutrinos was based [14] . Subsequently, there were several generations of oscillation experiments with reactor neutrinos that rely on this interaction. In addition, neutrino-induced charged-current processes were observed through the disintegration of the deuteron in reactor-ν e [15] and in the SNO experiment for solar-ν e [16] . For heavy nuclei, charged-current interactions were observed in ν e for solar neutrinos through radiochemical experiments on 35 Cl [18] and 71 Ga [19] . There are still no successful real-time counter experiments yet, though there are intensive R&D efforts towards this goal [25] . The charged-current (νCC) inverse β-decay interaction forν e on heavy nuclei such as 73 Ge is given bȳ
Cases on other heavy isotopes were discussed in connection to the detection of low energyν e from the Earth [26] . However, there are no experimental studies so far for these interactions withν e 's from reactor or other sources. Signatures of νCC in 73 Ge manifest as excess of 73 Ga decay events for the Reactor ON over OFF periods. The νCC rate (R CC ν ) is simply the residual 73 Ga decay rate which is the sum over all final states of 73 Ga * in the inverse β-decay process of Eq. 10. It is related to the average cross-section via
where Thr = Q + m e and Q = 1.67 MeV are respectively the threshold and Q-value for the interaction of Eq. 10, and the fractionalν e -flux follows the same definition as Eq. 9.
The interaction cross-section varies with energy by [26] 
where E + = E ν − Q − m e is the positron energy, and F(Z, E + ) is the known nuclear Coulomb correction factor. The residual 73 Ga decay rate for the combined P1 and P3 periods is R CC ν =(−0.94 ± 0.67) day −1 kg −1 , from which the 90% CL limits on R CC ν and σ CC ν can be derived, as listed in Table 2 . Similar to the case for NCEX, the sensitivities are limited by cosmic-ray induced 73 Ga and can be enhanced in an underground location. There are no calculations on νCC rate with reactor neutrinos on heavy nuclei. Extrapolations from estimates on geo-neutrinos [26] suggest a general cross-section range of ∼ 10 −44 cm 2 and hence factor of ∼10 −2 below the experimental bounds.
Summary and Prospects
We made a thorough study on the decay signatures of the 73 Ge * (1/2 − ) metastable state in a well-shielded reactor laboratory at a shallow depth of about 30 mwe. An efficient event-by-event tag of such decays was demonstrated, and studies of the signals within two seconds before the tag provide information on their production channels.
Searches for possible neutrino-induced nuclear transitions give rise to limiting sensitivities factors of ∼ 10 2 higher than the general predicted range. The background channels are all cosmic-ray induced, the most relevant one being the decays of 73 Ga. Consequently, the sensitivities can be greatly enhanced in an underground location. Physics experiments have been conducted in the past at the underground laboratory at the Krasnoyarsk reactor [27] , though this facility is no longer available. Additional boost in the capabilities can be provided by positive-sensitive segmented HPGe which can distinguish single-site from multi-site events.
Ton-scale isotopically-pure Ge-based detectors have been proposed and considered in forthcoming double beta decay experiments [5] in the case of 76 Ge, as well as cold dark matter searches [7] where 73 Ge is ideal for studying the spin-dependent interactions. Background control and suppression are crucial to the success of these program. Sophisticated procedures have been developed in the course of the R&D work. The unique three-fold timing correlations of the 73 Ge * (1/2 − ) system demonstrated in this article will further enhance the background rejection capabilities.
A one-ton isotopically-pure 73 Ge detector 15 m from a 3 GW reactor core would record ∼16 neutrino-induced NCEX events per day at the typical predicted cross-section range of 10 −45 cm 2 [20, 21] . The neutron flux in an underground site can be attenuated by a typical factor of 10 −3 or more [28] , such that a similar suppression in the 73 Ga background can be expected. The background levels of < 0.01 kg −1 day −1 from Table 2 for natural HPGe at surface would therefore imply a range of < 0.1 ton −1 day −1 for pure 73 Ge detector underground. The detection of NCEX would be realistic and possible − if an underground power reactor would be available.
Measurement of the NCEX rates with low energy solar neutrino at a threshold low enough (< 423 keV) to include the pp branch has important complementarity to the on-going efforts towards the detection of charged-current interactions [25] . Using simple scaling between reactor and solar neutrino fluxes and spectra, the typical predicted cross-section range of Refs. [20, 21] corresponds to an observed NCEX rate of ∼16 ton −1 year −1 due to solar neutrinos in a 73 Ge detector. This is already larger than expected background range in an underground location. Further optimizations on background control and suppression would make such a process observable.
